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Description 

[ADJUSTABLE SELF-ALIGNED AIR GAP 
DIELECTRIC FOR LOW CAPACITANCE 

WIRING] 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates to semiconductor devices 
and, in particular, to an adjustable, self-aligned air gap 
dielectric for low capacitance wiring in semiconductor de- 
vices. 

[0003] 2. Description of Related Art 

[0004] Because of continuing decreases in size of circuit compo- 
nents in semiconductor chips, there are a number of in- 
terconnect wiring challenges facing the technical commu- 
nity over the next few technology generations. Among 
these challenges is the problem of undesirable capaci- 
tance in dielectric materials between circuit wiring. One 
avenue being pursued to lower interconnect capacitance is 



by the use of porous dielectrics. However, because these 
materials generally have reduced mechanical strength and 
thermal conductivity, it is more difficult to build the chip 
and dissipate heat during chip operation. Another chal- 
lenge in the next few technology generations is presented 
by the expectation that the resistivity of copper wiring will 
begin to rise as the wire line width starts to approach its 
electron mean free path. This resistivity rise is exacer- 
bated by surface and interface roughness of the copper. 
Dual damascene trench and via sidewalls may also inter- 
sect the voids in adjacent porous dielectric areas and con- 
tribute to the copper resistivity rise. 
[0005] An additional challenge expected by the 65nm line width 
generation is that physical vapor deposition (PVD), or 
sputtered, barriers will need to be replaced with chemical 
vapor deposition (CVD) or atomic layer deposition (ALD) 
barriers to meet ongoing thickness reductions and im- 
proved conformality requirements. If the porous low k di- 
electric material used is an open cell type, i.e., with con- 
nected pores, then the CVD or ALD precursors can diffuse 
into the dielectric and degrade its low k characteristics. 
Also, depending upon the maximum pore size of the 
porous low k dielectric material, the thinner liners may not 



be able to provide continuous coverage to prevent copper 
diffusion into the adjacent dielectric material. For exam- 
ple, some current porous low k materials still have 200A 
max pore size when the barrier needs to be about 50Aat 

the 65nm technology node. 
Summary of Invention 

[0006] Bearing in mind the problems and deficiencies of the prior 
art, it is therefore an object of the present invention to 
provide a dielectric having low capacitance for use in a 
semiconductor device. 

[0007] it is another object of the present invention to provide a 
low capacitance dielectric that does not provide problems 
with porosity as copper line widths decrease in semicon- 
ductor circuits. 

[0008] a further object of the invention is to provide a low ca- 
pacitance dielectric that does not contribute to rise of 
copper resistivity as copper line widths decrease in semi- 
conductor circuits. 

[0009] it is yet another object of the present invention to provide 
a low capacitance dielectric that is compatible with con- 
ductor liner deposition processes. 

[0010] The above and other objects, which will be apparent to 
those skilled in art, are achieved in the present invention 



which is directed to an adjustable self aligned low capaci- 
tance integrated circuit air gap structure. In one aspect, 
the present invention provides a semiconductor device 
comprising a first interconnect adjacent a second inter- 
connect on an interconnect level, spacers formed along 
adjacent sides of the first and second interconnects, and 
an air gap formed between the first and second intercon- 
nects. The air gap extends above an upper surface of at 
least one of the first and second interconnects and below 
a lower surface of at least one of the first and second in- 
terconnects, and the distance between the spacers defines 
the width of the air gap. The air gap may be self-aligned 
to the adjacent sides of the first and second intercon- 
nects. 

[001 1] The semiconductor device preferably further includes, be- 
neath the at least one of the first and second intercon- 
nects, an etch stop layer positioned over an underlying via 
insulator level, such that the air gap extends below the 
lower surface of the at least one of the first and second 
interconnects by a distance corresponding to a thickness 
of the etch stop layer. 

[0012] Preferably, the spacers adjacent the sides of the first and 
second interconnects comprise silicon dioxide or silicon 



nitride, the etch stop layer comprises silicon carbide, and 
the underlying via insulator level comprises silicon dioxide 
or fluorinated silicon dioxide. 

[0013] The semiconductor device preferably includes at least one 
insulative layer above the interconnect level and the air 
gap, such that the air gap extends into the insulative 
layer. The at least one insulative layer above the intercon- 
nect level and the air gap may comprise silicon nitride or 
silicon carbon nitride as a capping layer for the intercon- 
nect and silicon dioxide or fluorinated silicon dioxide as 
an insulative layer above the capping layer. 

[0014] The semiconductor device may further include silicon 

dioxide or silicon nitride hardmask spacers self-aligned to 
either side of an upper portion of the air gap, as well as 
an insulative layer above the interconnect level, the air 
gap and the hardmask spacers. The air gap extends be- 
tween the hardmask spacers and upward into the insula- 
tive layer. 

[0015] The first and second interconnects may be formed by a 

damascene or dual damascene process, and may comprise 
copper, aluminum, tungsten or gold. Over each of the first 
and second interconnects there may be a selective metal 
deposition layer comprising a selective tungsten layer or a 



selective cobalt tungsten phosphide layer. 

[0016] The semiconductor device may further include, beneath 
one of the first and second interconnects, an etch stop 
layer positioned over at least one underlying via insulator 
level, and below the underlying via insulator, a second in- 
terconnect level. Between the at least one underlying via 
insulator level and the second interconnect level, there 
may be disposed a selective metal deposition layer com- 
prising a selective tungsten layer or a selective cobalt 
tungsten phosphide layer. 

[0017] | n another aspect, the present invention provides a 

method for forming an air gap between a pair of intercon- 
nects on an interconnect level of a semiconductor device 
comprising depositing a plurality of insulative layers of a 
semiconductor device, depositing a first hardmask insula- 
tive layer over the plurality of insulative layers, and re- 
moving portions of the first hardmask insulative layer to 
expose regions of the uppermost of the plurality of insu- 
lative layers over which interconnects are to be formed, 
wherein the regions of over which interconnects are to be 
formed are spaced apart. The method then includes de- 
positing a second hardmask insulator layer over the first 
hardmask layer and exposed regions of the uppermost of 



the plurality of insulative layers, and removing portions of 
the second hardmask insulative layer over the first hard- 
mask insulative layer to expose regions of the uppermost 
of the plurality of insulative layers over which intercon- 
nects are to be formed. This leaves second hardmask 
spacers adjacent to the regions of the uppermost of the 
plurality of insulative layers over which interconnects are 
to be formed. The method further includes using the first 
hardmask insulative layer and second hardmask spacers 
to etch the at least one of the underlying plurality of insu- 
lative layers to form interconnect openings, depositing a 
conformal insulative layer to form spacers on sidewalls of 
the interconnect openings, and depositing conductive 
metal adjacent the conformal insulative layer spacers to 
form interconnects in the interconnect openings. The 
method then continues by etching portions of the first 
hardmask insulative layer and underlying plurality of insu- 
lative layers between the interconnects and conformal in- 
sulative layer spacers, and leaving second hardmask spac- 
ers adjacent to the interconnects and conformal insulative 
layer spacers, to form an air gap extending below at least 
one of the interconnects, and subsequently depositing at 
least one insulative layer over the air gap and over the in- 



terconnects and conformal insulative layer spacers to seal 
the air gap. Preferably, the air gap extends above the in- 
terconnects, into the at least one insulative layer. 

[0018] The step of depositing plurality of insulative layers of a 

semiconductor device may comprise depositing a first in- 
sulative capping layer of a semiconductor device, deposit- 
ing a second insulative layer over the first insulative cap- 
ping layer, depositing a third insulative layer etch stop 
layer over the second insulative layer, and depositing a 
fourth insulative layer over the third insulative etch stop 
layer. In such case, the removing of portions of the first 
hardmask insulative layer exposes regions of the fourth 
insulative layer over which the interconnects are to be 
formed. This also results in etched portions of the first 
hardmask insulative layer, fourth insulative layer and third 
insulative etch stop layer between the interconnects and 
conformal insulative layer spacers, to leave the second 
hardmask spacers adjacent to the interconnects and con- 
formal insulative layer spacers, and to form the air gap 
extending below at least one of the interconnects. 

[0019] The at least one insulative layer over the interconnects 

may comprise a fifth insulative capping layer for the inter- 
connect and a sixth insulative layer above the capping 



layer, such that the air gap extends completely through 

the fifth capping layer and into a portion of the sixth in- 

sulative layer. 
Brief Description of Drawings 

[0020] The features of the invention believed to be novel and the 
elements characteristic of the invention are set forth with 
particularity in the appended claims. The figures are for 
illustration purposes only and are not drawn to scale. The 
invention itself, however, both as to organization and 
method of operation, may best be understood by refer- 
ence to the detailed description which follows taken in 
conjunction with the accompanying drawings in which: 

[0021] pigs. 1-11 are cross-sectional, elevational views of the 
process steps employed to construct one embodiment of 
the air gap dielectric of the present invention in a semi- 
conductor device. 

[0022] pig. 12 is a cross-sectional, elevational view of an alter- 
nate embodiment of the final structure of the air gap di- 
electric of the present invention, wherein the lower cap 
layer is replaced by a self-aligned, selective metal deposi- 
tion capping layer. 
Detailed Description 



[0023] | n describing the preferred embodiment of the present in- 
vention, reference will be made herein to Figs. 1-12 of the 
drawings in which like numerals refer to like features of 
the invention. In a first embodiment, Fig. 1 depicts a di- 
electric stack deposited over a previously existing copper 
interconnect wiring level. The existing wiring level has a 
substrate dielectric layer 20 containing tungsten studs 22, 
24, 26, over which is deposited dielectric layer 28 con- 
taining copper wires 30, 32 within TaN/Ta barrier layer 
31. The dielectric layers mayor may not be made of the 
same composition; for example, dielectric layer 20 may be 
phosphosilicate glass (PSG) while dielectric layer 28 may 
be undoped silicon glass (USG) or a glass containing sili- 
con, carbon, oxygen and hydrogen (e.g., metholated SiO x , 
SiCOH). The dielectric stack consists of, in order from the 
bottom, a cap layer 34, e.g., silicon nitride Si N , an insu- 
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lator layer with good mechanical properties and thermal 
conductivity 36, e.g., USG or fluorinated silicon glass 
(FSG), an etch stop layer 38, e.g. SiC, a layer of a dielectric 
(low k) material with good mechanical properties and 
thermal conductivity 40, e.g., SiCOH, and a first hardmask 
layer 42, e.g., silicon carbide SiC. Etch stop layer 38 has a 
high etch rate ratio compared to underlying insulative 



layer 36, and insulative layer 40 has a high etch rate ratio 
compared to etch stop layer 38. An antireflective coating 
(ARC) layer 44 and resist layer 46 are then applied and, as 
shown in Fig. 2, are imaged for the trench pattern open- 
ings, and hardmask layer 42 is subsequently etched 
through the ARC and resist openings. Next, as shown in 
Fig. 3, a second hardmask layer 48, e.g., silicon dioxide 
Si0 2 or Si^, is deposited. A via resist layer 50 is there- 
after applied and imaged to create via resist pattern 
openings, as shown in Fig. 4. The second hardmask layer 
48 and the via openings 52, 54 are then etched through 
the pattern openings down to cap layer 34, and via resist 
50 is then stripped, as shown in Fig. 5. 
[0024] pig. 6 depicts the blanket directional removal etch of sec- 
ond hardmask layer 48, only above the upper surface of 
first hardmask layer 42, which leaves second hardmask 
layer spacers 48a, 48b, 48c adjacent to all areas of first 
hardmask layer 42 edges except areas exposed by via 
photo, i.e., no spacer is formed on the sidewalls of via 52. 
As a result, spacers 48a and 48b are self-aligned and dis- 
posed adjacent trench/wire/via opening 56, and spacer 
48c is adjacent via opening 54. The size of the spacers is 
determined by the thickness of each of the first and sec- 



ond hardmask layers. Trench 58, joining via openings 52 
and 54, is then etched down to etch stop layer 38. 
[0025] Next, a conformal deposition of a second insulator layer 
60, e.g., Si0 2 or Si^, is applied over the exposed layers 
and into via openings 52, 54, and trenches 56, 58 of the 
existing structure, as shown in Fig. 7. Another etch is then 
performed for the blanket directional removal of portions 
of insulator layer 60 above hardmask layers 42, 48 and 
etch stop layer 38, and for the removal of the portions of 
insulator 60 at the bottom of via openings 52, 54, trench 
56, as well as the portions of cap layer 34 below via open- 
ings 52 and 54. This leaves second spacers 60 lining via 
openings 52, 54 and trenches 56, 58. It should be noted 
that since these second spacers have reduced the size of 
trench openings 56, 58 and via openings 52, 54, when 
initially formed, the trench and via photo needs to be ex- 
posed and etched larger by about two times the spacer 
width. 

[0026] Conventional barrier-seed layer and copper deposition 
processes are used to fill the dual damascene structure, 
so that the trench and vias are first completely lined with 
a barrier (such as TaN/Ta) and seed layer 62, and then 
filled with copper 64, and then the excess material is re- 



moved by chemical mechanical polishing (CMP), as de- 
picted in Fig. 9. In place of copper, other conductive ma- 
terials such as aluminum, tungsten or gold may be em- 
ployed. Fig. 10 shows resist block mask 66 used to ex- 
pose only those areas that will receive the air gap dielec- 
tric. The SiC, SiCOH, SiC exposed portions of layers 42, 40 
and 38 are degraded by exposure to oxygen plasma, oxy- 
gen reactive ion etch (RIE) or oxygen implantation fol- 
lowed by a dilute HF etch which, as shown, creates a 
space 68 with an overhang 48b, 48c between unmasked 
minimum space lines 64a, 64b. For example, supercritical 
C0 2 provides the carrier medium for dilute HF to remove 
the oxygen-degraded films. Isotropic deposition of insu- 
lative nitride cap layer 70, e.g., silicon nitride or silicon 
carbon nitride, and silicon dioxide or FSC insulative layer 
72 are then applied, which close the air gap layer 68, 
without completely filling it, as shown in Fig. 11. Thus, air 
gap 68 extends completely through cap layer 70, and par- 
tially through insulative layer 72, above the interconnect 
level. Extraneous fill of air gap 68 can be reduced by min- 
imizing the opening between overhang 48b and 48c. Al- 
ternatively a spin-on dielectric layer, chosen because of 
its surface tension properties, may also be applied to 



leave air gap 68 unfilled. 

[0027] | n t he structure of the semiconductor device depicted in 
Fig. 11, interconnect wire 64a (filling former trench open- 
ing 56) is spaced from and adjacent to interconnect wire 
64b (filling former trench 58 and via openings 52, 54) on 
the same interconnect level. Spacers 60b and 60c are 
formed along adjacent sides between wires 64a, 64b, and 
reduce the width of air gap 68, so that the actual air gap 
dielectric width is less than the printed distance spacing 
wires 64a, 64b. The air gap dielectric 68 formed between 
interconnects 64a, 64b also extends above upper surfaces 
74a, 74b of the wires and below lower surfaces 76a, 76b 
of the wires. Air gap 68 as formed is self-aligned to the 
adjacent sides of the interconnect wires 64a, 64b. 

[0028] Another embodiment, shown in completion in Fig. 12, 

uses a similar process sequence as that described above, 
except that the silicon nitride S' 3 N 4 cap layers 34 and 70 
are replaced by self-aligned metal capping layers 34' and 
70' over copper wires 30, 32, 64a, 64b. This may be ap- 
plied by a selective metal deposition process, and the 
metal capping layer may comprise either selective tung- 
sten or a selective cobalt tungsten phosphide layer. Where 
self-aligned metal capping layers 70' are employed, insu- 



lative layer 72 alone closes off the top of air gap 68. 

[0029] Thus, the present invention provides a self aligned and 
adjustable air gap dielectric to reduce capacitance be- 
tween adjacent, closely spaced conductive wires or vias. 
The height of the air gap above and below the adjacent 
copper line can be selected to cut off fringing capacitance 
and increase the effective electrical resistance (k) of the 
structure. The preferred via dielectric employed is an ox- 
ide such as USG or FSG with relatively good mechanical 
properties and thermal conductivity. A sacrificial trench 
dielectric and etch stop layer may be used to create the air 
gap, and these may be made of higher thermal conductiv- 
ity and mechanical strength materials. A block mask may 
be used so that only areas on the chip with minimum 
spaces and a need for low capacitance receives the air 
gap. This maximizes the thermal conductance and me- 
chanical stability of the chip. Since the trench and via are 
defined by an oxide or nitride spacer, problems associ- 
ated with liner/barrier precursors entering a porous, low- 
k dielectric are eliminated, as are issues of barrier in- 
tegrity causing Cu contamination of the dielectric and is- 
sues of sidewall roughness causing Cu resistivity increase. 

[0030] while the present invention has been particularly de- 



scribed, in conjunction with a specific preferred embodi- 
ment, it is evident that many alternatives, modifications 
and variations will be apparent to those skilled in the art 
in light of the foregoing description. It is therefore con- 
templated that the appended claims will embrace any such 
alternatives, modifications and variations as falling within 
the true scope and spirit of the present invention. 



